Introduction {#s1}
============

The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) pandemic has caused significant disruption to routine ophthalmology services, including the suspension of all elective ophthalmic surgery. Recent guidelines on returning to surgical practice by the Royal College of Ophthalmologists have expressed concern that vitreoretinal and cataract surgeries may be 'aerosol-generating' and so recommend appropriate personal protective equipment use.[@R1] However, these guidelines have not addressed the pre-existing benefits of povidone-iodine (PVI) application in protecting operating theatre personnel through sterilisation of the patient's ocular surface. The aim of this review was to present the evidence base for the virucidal effects of PVI, including against coronaviruses (CoV), and evaluate whether the current surgical standard of topical application offers adequate reduction in viral load on the ocular surface.

Methods {#s2}
=======

A Medline search was conducted on 20 April 2020. The following terms were used, always in combination with 'povidone iodine' (with number of articles found in parentheses): virus (115), virucidal (32), coronavirus (4), adenovirus (23), conjunctivitis (80). The authors then selected the articles which were relevant to PVI and the ocular surface. Both laboratory and clinical studies were evaluated. Identifying the lack of evidence supporting the anecdotal recommendations in current guidelines was the main catalyst for this review. We also wanted to evaluate the objective established literature regarding the virucidal effects of PVI, rather than the recent phenomenon of comment/correspondence opinion-based publications detailing COVID concerns.

Properties of PVI {#s3}
=================

PVI preparations are well known to be effective against multiple bacteria, fungi and protozoa. They are also effective against both enveloped and non-enveloped viruses, but these benefits are less commonly recognised in the ophthalmic literature. PVI is thought to have a multimodal activity against pathogens, which includes oxidising vital structures such as amino acids, nucleotides and membrane components.[@R3] Electron microscopic and biochemical observations support the conclusion that PVI interacts with cell walls of micro-organisms, causing pore formation or generating solid-liquid interfaces at the lipid membrane level, which lead to loss of cytosol material, in addition to enzyme denaturation.[@R5] There are limited data about the specific mode of action resulting in virucidal effect; however, work on the influenza virus by Sriwilaijaroen *et al* demonstrated that PVI inhibits viral haemagglutinin as well as neuraminidases by a mixed-type inhibition mechanism.[@R6] The described beneficial sterilisation properties of PVI include broad antimicrobial spectrum, lack of emergence of resistance, ability to penetrate biofilms, low cytotoxicity to host cells, tolerability, cost-effectiveness and overall favourable risk/benefit profile.[@R3] It is therefore unsurprising that PVI is commonly used for surgical sterilisation purposes of the ocular surface in ophthalmology.

Use of PVI on the ocular surface in ophthalmology {#s4}
=================================================

The first studies on the application of diluted PVI solutions for conjunctival sac irrigation are dated to the 1960s. In current standard ophthalmic practice, PVI is commonly used for preparation and cleaning of the ocular surface, eyelids, eyelashes and conjunctiva prior to intraocular surgery or intravitreal injections (IVT) to decrease the risk of endophthalmitis. It has also been used effectively as both prophylaxis and treatment in ophthalmia neonatorum, and in the treatment of bacterial conjunctivitis, microbial keratitis, adenoviral conjunctivitis, giant fornix syndrome and in association with the Boston type I keratoprosthesis.[@R7]

Numerous studies have demonstrated the effectiveness and safety of PVI in endophthalmitis prevention following intraocular procedures. Speaker and Menikoff's randomised study comparing 5% PVI versus silver protein solution established the superiority of PVI in postoperative endophthalmitis prevention that led to a major shift in clinical practice.[@R9] The importance of PVI use was further highlighted by Modjtahedi *et al,* when they reported an increased endophthalmitis rate of approximately 9.4% in patients undergoing IVT who did not receive PVI or alternative antiseptic due to self-reported iodine allergies.[@R10] The effectiveness of PVI for ocular surface sterilisation has resulted in preprocedure antibiotics no longer being routinely recommended for cataract surgery or IVT.[@R11]

Concentration and exposure time {#s5}
===============================

There is some controversy about the optimum concentration and exposure time of PVI to achieve maximum effectiveness of sterilisation of the ocular surface. Microbicidal effect of PVI is achieved by free iodine molecules; these become inactivated on contact with a pathogen, and need to be replenished. The concentration of free iodine is 5 ppm in a 10% PVI solution compared with 24 ppm in a 0.1% solution; therefore, time required for microbicidal effect is shorter for 0.1%--1% PVI (15 s) compared with 2.5%--10% PVI (30--120 s).[@R7] At lower concentrations PVI needs to be reapplied to sustain microbicidal effect, while the duration of activity of 2.5%--10% PVI is longer. This explains the findings of Ferguson *et al* who reported that, despite in vitro evidence of higher bactericidal activity of PVI at more dilute concentrations, 5% PVI is more effective than 1% in decreasing the human conjunctival bacterial flora in vivo, particularly in the presence of heavier initial bacterial load.[@R15] Guidelines vary for specific ophthalmic procedures; while the European Society of Cataract and Refractive Surgeons (ESCRS) prevention of endophthalmitis publication recommends 5%--10% PVI solution application to the cornea, conjunctival sac and periocular skin for a minimum of 3 min prior to surgery,[@R12] an expert panel recommended only a 30 s application prior to IVT.[@R16] It should be noted that these ESCRS prevention of endophthalmitis guidelines do not specifically address the virucidal properties of PVI for the ocular surface.

PVI and adenovirus {#s6}
==================

Human adenovirus (HAdV) is the most common cause of infectious conjunctivitis, accounting for up to 75% of all conjunctivitis cases.[@R17] Patients can develop a keratoconjunctivitis, with subepithelial corneal infiltrates that can cause long-term visual impairment.[@R17] At least 19 different serotypes of HAdV have been associated with epidemic keratoconjunctivitis, with serotypes 8, 19 and 37 being the most common.[@R18] Persistent HAdV secretions in the tears may occur years following the resolution of acute ocular infection.[@R17] There are currently no licensed treatments for adenoviral keratoconjunctivitis, with conservative management options such as cold compresses and artificial tears alleviating symptoms, rather than reducing viral shedding, which would limit severity and duration of infection.

PVI preparations have been shown to be effective against adenovirus in the laboratory. Sauerbrei *et al* studied the effect of biocides including PVI on inactivation of the genome of multiple HAdV serotypes; while PVI did not denature hexon protein or destroy the adenoviral genome, it reduced viral infectivity, indicating that the genomes of HAdV show more chemical resistance than the complete viral particle.[@R19] Monnerat *et al* investigated the effect of diluted PVI on free adenovirus and adenoviral infected cells. They reported that PVI at a concentration of 1:10 (0.8%) completely extinguishes infectivity of free adenovirus after an exposure time of 10 min but is less effective against intracellular adenoviral particles in already infected cells.[@R21] Akanuma evaluated the effect of PVI against HAdV using a real-time PCR method. PVI at 0.2% concentration was effective against HAdV-3, HAdV-4, HAdV-19 and HAdV-37 after 1 min, and against HAdV-8 after 3 min.[@R22] PVI has also been shown to demonstrate virucidal action against ocular HAdV types 3, 4, 5, 7 and 8 at 1--5 min and types 37 and 64 at 15--60 min for various concentrations.[@R23] These studies may indicate that time of exposure, not concentration of PVI, is critical to disinfection. Additionally, Cheung *et al* demonstrated that multiple types of HAdV can be involved in a single outbreak; as PVI has virucidal activity against multiple serotypes, it could be an effective management option to decrease ocular surface viral load.[@R24]

Multiple clinical studies have proven the safety and tolerability of PVI in treating adenoviral conjunctivitis.[@R25] A clinical trial looking at three drops of 0.5% PVI administered thrice daily (in combination with artificial tears at pH 4.2 for enhanced tolerability) found faster recovery from disease at 2 weeks compared with controls.[@R27] Similarly, Özen Tunay *et al* evaluated the effect of conjunctival irrigation with 2.5% PVI in infantile adenoviral conjunctivitis, and observed statistically significant lower clinical scores and faster recovery time in the group treated with PVI compared with control.[@R28] Hutter found that, compared with other treatments, PVI was most effective in reducing the severity of HAdV-8 conjunctivitis, although it did not completely prevent formation of subepithelial infiltrates.[@R29] Altan-Yaycioglu *et al* noticed that while the clinical severity of keratoconjunctivitis was similar, there was a significant decrease in the incidence of subepithelial infiltrates in patients who used 2% PVI compared with controls.[@R30] Combination treatment with dexamethasone has also been investigated and demonstrated faster resolution and significant reduction in viral titre compared with controls.[@R31]

PVI and coronavirus {#s7}
===================

Coronaviruses (CoVs) are single-stranded RNA viruses belonging to the family Coronaviridae. They have a characteristic structure of surface projections on the viral envelope, giving them a crown appearance. There are seven types of CoVs known to infect humans; the most infamous are Middle East respiratory syndrome coronavirus (MERS-CoV), SARS-CoV and the most recent SARS-CoV-2 (causing the COVID-19 pandemic).[@R37] These CoVs can be transmitted by a mixture of aerosol, droplets and direct contact, and cause respiratory tract infections with a wide spectrum of clinical manifestations.[@R38] After infection, significant increases in neutralising antibody titre have been found in nasal secretions and serum; however, it is possible to be reinfected with the same CoV soon after recovery.[@R39] While most CoV infections are mild and self-limiting, SARS-CoV, MERS-CoV and SARS-CoV-2 have high morbidity and mortality.

CoVs have been known to cause a wide spectrum of ocular infections in animals, including conjunctivitis, anterior uveitis, retinitis and optic neuritis.[@R37] There are limited data on the ophthalmological associations of human CoV infections, but there have been case reports of conjunctivitis in CoV-positive patients, as well as a case series showing the presence of SARS-CoV RNA in tears.[@R40] This could have serious implications for ophthalmologists operating on potentially infectious patients during and after the SARS-CoV-2 pandemic.

In their review, Seah and Agrawal advised that ophthalmologists and other healthcare workers should err on the side of caution to prevent the possible transmission of CoVs through ocular tissue.[@R37] Du *et al* described the protective measures of emergency ophthalmic surgery for medical staff, patients, environment and instruments at Tongji Hospital during the SARS-CoV-2 pandemic, which resulted in zero infection at the time of publication. These included N95 masks, double gloves, protective clothing and goggles worn by surgeons, and masks worn by patients in theatre.[@R42] As concern has been raised regarding the potential for ophthalmic procedures such as cataract surgery and trabeculectomy to be considered 'aerosol-generating', questions exist regarding the best means of protection of patients and staff from CoV during ophthalmic surgery.

Dexter *et al* described an evidence-based approach for optimisation of infection control and operating room management from the anaesthetic point of view. Specifically, they recommend decolonising patients using preprocedural chlorhexidine wipes, two doses of nasal PVI within 1 hour of incision and chlorhexidine mouth rinse.[@R43]

Eggers *et al* tested the in vitro efficacy of three formulations of PVI (4% skin cleanser, 7.5% surgical scrub and 1% gargle/mouthwash, each with brand name Betadine) against a reference virus (modified vaccinia virus Ankara; MVA) and MERS-CoV. They achieved viral titre reduction of \>99.99% versus both MVA and MERS-CoV, under both clean and dirty conditions, within 15 s of application of each undiluted PVI product, and within 15--30 s at 1:10 dilution.[@R44] Kariwa *et al* tested the efficacy of several PVI products against SARS-CoV in the laboratory, covering a variety of disinfection applications. All PVI products reduced infectivity of SARS-CoV to below detectable levels within 2 min of exposure.[@R45] Kampf *et al* analysed the inactivation of CoVs by biocidal agents in suspension tests, and found that PVI (0.23%--7.5%) readily inactivated CoV infectivity by 4 log~10~ or more.[@R46] There is a lack of in vivo studies on the effectiveness of PVI on CoVs.

PVI and other viruses {#s8}
=====================

Kawana *et al* compared PVI's virucidal action to other antiseptics in inactivating a broad range of both enveloped and non-enveloped viruses (adenovirus, mumps, rotavirus, poliovirus, coxsackievirus, rhinovirus, herpes simplex virus, rubella, measles, influenza and HIV) in vitro, and demonstrated PVI to have the broadest spectrum of antiviral activity among agents tested.[@R47] Sauerbrei and Wutzler reported that PVI has virucidal efficacy against most enveloped and non-enveloped viruses within 5 min and additionally has a synergistic virucidal effect when combined with alcohol-based disinfectants.[@R48] Other studies confirmed the effectiveness of PVI against the viruses already mentioned, but different concentrations and exposure times were required.[@R49]

Similarly, Sokal and Hermonat demonstrated 90% inactivation of papillomavirus with exposure to 0.1% PVI, and 99.9% inactivation at concentration of 0.3%.[@R54] PVI was also found to be effective against human cytomegalovirus,[@R55] murine norovirus[@R56] and both human and avian influenza viruses.[@R6] A study by Eggers *et al* showed that Ebola and MVA titres were reduced by \>99.99% to \>99.999% under both clean and dirty conditions after exposure to PVI for 15 s.[@R58] Lastly, studies have confirmed the effectiveness of PVI solutions against HIV, although the tested concentrations and time of exposure differed, highlighting that this could have a significant effect on the virucidal activity of PVI.[@R59]

PVI relevance to current ophthalmic practice {#s9}
============================================

The SARS-CoV-2 pandemic has caused significant disruption to routine ophthalmology services. Reinstating elective surgical lists carries the challenge of minimising the viral load of confirmed cases as well as of asymptomatic SARS-CoV-2 carriers in order to protect surgical staff. While there is a lack of published clinical evidence on the effect of PVI preparations against CoVs in ophthalmic surgery, in vitro studies show potent virucidal activity, including against MERS and SARS. Specifically, PVI formulations have elicited CoV inactivation of \>99.99% in test systems, in some cases occurring as quickly as within 15 s of contact. There is ongoing controversy about the concentration of PVI and time of exposure required for adequate reduction of microbial load. In current practice, a concentration of 5%--10% PVI applied for 3 min is deemed to be sufficient for procedures such as cataract surgery to prevent endophthalmitis. Further studies on the effect of PVI concentration and exposure time on reduction of viral load in vivo are required; however, the presented literature provides a reassuring evidence base to persist with the current PVI regime in ocular surgery during and after COVID-19.

Limitations {#s10}
===========

This review presents the established evidence base documenting the beneficial virucidal properties of PVI in relation to the ocular surface. These indications fall into two main categories---as a preventive antiseptic, and as a therapeutic adjunctive agent in the treatment of virus-based ocular surface conditions. Both these roles predate the current context of COVID-19. As historic (ESCRS prevention of endophthalmitis) and current (COVID-19) publications do not specifically comment on the potential benefits of PVI, we wished to review and document the objective literature. Since the date of our literature search and our original submission, there has been an abundance of articles and recommendations directly relating to CoV, across multiple specialties (including anaesthetics, dentistry, ear, nose and throat, and maxillofacial surgery). The majority of these are opinion-based comment and correspondence publications. Such recommendations include the use of PVI as an antiseptic mouthwash, skin wash and nasal spray to help decolonise patients potentially infected with COVID-19. These articles, however, are outside the scope of this review, which deals specifically with the evidence for PVI use on the ocular surface in ophthalmology.

As previously highlighted, there is limited clinical evidence as to the exact virucidal mechanism of action of PVI preparations, their specific effect on CoVs, as well as the exact concentration and exposure time required for optimal virucidal activity; further studies in vivo are required. This review focused only on virucidal activity on the ocular surface in established ophthalmic practice. The published evidence would suggest that the common current preprocedure surgical use of 5%--10% PVI applied for 3 min seems to provide an adequate reduction in ocular surface viral load, particularly for short cases such as IVT or cataract. However, it is not clear how alterations in surgical behaviour, such as further ocular surface and/or fornix irrigation, may influence this sterilising virucidal effect. Equally, the potential for virus to reform on the ocular surface potentially from a colonised lacrimal sac secretion during prolonged surgery has not been definitely addressed in the literature. While some clinicians may be tempted to reapply PVI to the ocular surface during ophthalmic surgical cases of longer duration, there is no clinical evidence to either support or refute that practice.

Conclusion {#s11}
==========

The review demonstrates that PVI has a broad virucidal activity, and is both effective and safe when applied to the ocular surface. It is already used for ocular surface disinfection as the current standard of care prior to minor ocular surface procedures (such as suture removal), refractive and intraocular procedures. In addition to being effective against adenoviruses on the ocular surface, PVI's properties have been used in ophthalmology in the prophylaxis and treatment of conditions such as ophthalmia neonatorum, bacterial conjunctivitis, microbial keratitis and giant fornix syndrome. It may prove to have wider clinical applications in the future, including the management of eye casualty patients presenting with suspected viral conjunctivitis. The current surgical application of 5%--10% PVI applied for 3 min seems to provide an adequate reduction in viral load, particularly for short cases such as IVT or cataract. It is unclear how long the virucidal effect lasts in the real-world surgical scenario. PVI use does not remove the requirement for appropriate safety measures such as wearing of personal protective equipment by both theatre staff and patients to protect from infectious cases of COVID-19. However, the virucidal benefits of routine PVI use should be recognised and acknowledged in ophthalmology guidelines regarding safe ocular surgery.
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